Treatment-related factors associated with long-term outcomes include the extent of tumor resection 5 and radiation dose to the posterior fossa. 8, 9 However, the optimal timing of RT after surgery remains unclear.
Three previous randomized trials comparing immediate RT following surgery versus up-front postoperative chemotherapy and delayed RT demonstrated consistently inferior outcomes when RT was delayed longer than 4 to 22 weeks after surgery. 5, 10, 11 It is unclear if differences in the chemotherapy regimen between arms or if myelosuppression secondary to chemotherapy contributed to inferior outcomes, but the interval between surgery and radiation is typically kept to 4 to 5 weeks in an effort to reduce time for potential tumor regrowth, while still allowing time for postsurgical healing. For example, the current Children's Oncology Group ACNS0332 trial for high-risk medulloblastoma mandates that RT start within 31 days of surgery (NCT00392327), and St Jude's SJMB12 trial requires that RT start within 36 days of surgery (NCT01878617).
A recent National Cancer Database (NCDB) analysis demonstrated that deferral of postoperative RT more than 90 days after surgery for young children was associated with inferior overall survival (OS). 12 In this study, the majority of patients with postoperative RT deferred more than 90 days after surgery ultimately received no RT as part of their initial management. As a result, this study did not address whether the precise interval between surgery and RT impacts patient outcomes. Here, we analyzed data from the NCDB to determine the optimal timing of RT after surgery when RT is delivered as part of the initial treatment regimen.
Materials and Methods

Database and Cohort Selection
We conducted an analysis of the NCDB, a hospital-based registry that includes data from over 1500 hospitals accredited by the Commission on Cancer (CoC). It is estimated to capture 70% of all incident cancer cases in the United States annually. The data used in this study were derived from a de-identified NCDB file. The American College of Surgeons and the CoC have not verified and are not responsible for the analytical or statistical methodology used or for the conclusions drawn from these data by the investigators. This study was performed with the approval of our institutional review board.
We initially queried patients between the ages of 3 and 21 years who had histologically confirmed medulloblastoma diagnosed between 2004 and 2013. Patients with prior malignancies and extraneuraxial metastatic disease (stage M4) were excluded. We further identified patients who underwent treatment with curative intent and with radiation therapy as part of their initial management. As such, we restricted our cohort to those who had a known date of definitive surgery, who initiated adjuvant RT within 90 days of surgery, and who initiated chemotherapy within 14 days prior to radiation and 6 months after surgery. Our time interval for chemotherapy was selected in order to capture both patients who received concurrent chemoradiotherapy (CRT) (ie, chemotherapy started within 14 days before or 14 days after RT start) and those who received sequential RT and chemotherapy (ie, RT followed by chemotherapy). Patients who received chemotherapy >14 days prior to RT were excluded. Patients were required to have known follow-up and to have survived ≥3 months after surgery, as those who died within 3 months after surgery would not have been eligible to complete adjuvant therapy.
Covariates
Relevant patient, tumor, and treatment characteristics were obtained from the database. Age was categorized into approximate quartiles of 3-5, 6-8, 9-13, and 14-21 years, while race was categorized as white, black, or other. Additional covariates included sex, Charlson Deyo comorbidity score (0, 1, or 2), and year of diagnosis. Distance from reporting facility was dichotomized as ≤50 miles or >50 miles based on the "great circle" distance of the patient's residence from the reporting facility calculated using the Haversine formula. 13 Residence environment was categorized as metropolitan, urban, or rural, while median household income was dichotomized into <$35,000 and ≥$35,000 per year based on ZIP code of residence. Patient insurance type was categorized as either private/Medicare or Medicaid/ uninsured. Additional tumor and treatment characteristics of interest included histology (classic/not otherwise specified [NOS], desmoplastic, or large cell), Chang-modified M stage (M0 or M1-3), extent of surgical resection (gross total resection or subtotal resection/biopsy), and total RT dose (<54 Gy or ≥54 Gy). Time interval between surgery and initiation of RT was categorized as ≤3, 3.1-4, 4.1-5, or >5 weeks (ie, ≤21, 22-28, 29-35, or 36-90 days). Chemotherapy administration was designated as concurrent CRT if initiated within 14 days before or after initiation of RT. Otherwise, chemotherapy was classified as sequential (ie, if started >14 days after initiation of RT).
Statistical Analysis
Pearson chi-squared tests were used to compare baseline demographic, tumor, and treatment characteristics across
Importance of the study
We did not find an adverse survival impact with delay of RT >5 weeks but within 90 days of surgery in pediatric and adolescent medulloblastoma patients. In the absence of evidence that early postoperative RT improves survival, the timing of RT after surgery should focus on adequate postoperative healing and sufficient opportunity for case review and treatment planning. Inferior outcomes were found when radiation was started within 3 weeks of surgery.
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time groups. Differences in OS between groups, calculated as time to death after diagnosis, were assessed using the Kaplan-Meier estimator with log-rank testing. Univariate and multivariate Cox proportional hazards models were used to calculate unadjusted and adjusted hazard ratios (HRs), respectively. Covariates in the multivariable model were selected a priori and included the following variables from the database: age, sex, race, year of diagnosis, histology, M stage, extent of resection, total RT dose, and chemotherapy timing. The NCDB suppresses information regarding facility type (ie, academic vs community cancer program) for pediatric patients in order to protect patient confidentiality. However, given the potential confounding impact of facility type and case complexity on survival outcomes, we performed sensitivity analyses with respect to facility volume assuming that higher-volume facilities were more likely to represent academic centers and to treat more complex cases, as has been demonstrated in other disease sites. [14] [15] [16] We stratified reporting facilities into quartiles based on total number of pediatric and adolescent medulloblastoma cases treated across the study time period and dichotomized at the 75th percentile into highvolume and low-volume facilities. Separate univariate and multivariate Cox proportional hazards models were generated for the high-volume facilities (ie, top quartile) and the low-volume facilities (ie, bottom 3 quartiles). All tests were 2-sided with an alpha value of 0.05. Statistical analyses were performed using SAS software v9.4.
Results
Patient, Tumor, and Treatment Characteristics
We identified 1338 patients who met all inclusion and exclusion criteria. Table 1 shows details of our cohort selection process. Median age of patients in our cohort was 8 years (interquartile range [IQR], 6-13 y), and the majority of patients (70.3%) initiated adjuvant RT between 3 and 5 weeks after surgery. Baseline demographic, tumor, and treatment characteristics are presented in Table 2 . In general, those who initiated adjuvant RT early (within 3 wk of surgery) tended to be younger, have more advanced disease at presentation (M1-3), and be more likely to undergo subtotal versus gross total resection than those who initiated RT later. Conversely, those who initiated adjuvant RT late (>5 wk after surgery) tended to be older, present with M0 disease, be of black race, and reside in areas with lower median household income.
Survival Analysis
Median follow-up interval for the overall cohort from date of diagnosis to death or date of last contact was 52 months (IQR, 28-82 mo). During this time, 291 deaths were recorded (21.7% of patients). Estimated 5-year OS for the overall cohort was 78.7%, though there was a significant difference in OS depending on timing of adjuvant RT. Those who initiated adjuvant RT ≤3 weeks after surgery had shorter estimated 5-year OS compared with those who initiated RT 3-4, 4-5, or >5 weeks after surgery (72.5% vs 80.5%, 79.4%, or 77.8%, respectively; P = 0.019; Fig. 1 ). Furthermore, there was no significant difference in OS between the latter 3 groups on log-rank testing (P = 0.788).
On univariate Cox regression analysis, time to RT of ≤3 weeks after surgery was significantly associated with increased hazard of death compared with time to RT of 3.1-4 weeks (HR 1.69; 95% CI: 1.20-2.38; P = 0.003). Additional factors associated with poorer OS were M1-3 disease compared with M0 (HR 1.74; 95% CI: 1.25-2.42; P = 0.001) and total RT dose <54 Gy compared with ≥54 Gy (HR 1.57; 95% CI: 1.18-2.09; P = 0.002). Desmoplastic histology was associated with improved OS compared with classic/NOS histology (HR 0.38; 95% CI: 0.20-0.72; P = 0.003). There was a trend toward improved OS on univariate analysis for patients who received sequential RT followed by chemotherapy, and this effect became statistically significant on multivariate regression (adjusted HR 0.70; 95% CI: 0.50-0.98; P = 0.036). All of the other aforementioned variables also remained significant on multivariate Cox regression (Table 3) . Specifically, time to RT of ≤3 weeks remained significantly associated with increased hazard of death after controlling for additional demographic and treatment characteristics (adjusted HR 1.72; 95% CI: 1.19-2.48; P = 0.004). In addition, time to RT of 4.1-5 or >5 weeks after surgery was not associated with poorer OS compared with time to RT of 3.1-4 weeks on both univariate and multivariate analyses (adjusted HRs 1.21 and 1.12; 95% CIs: 0.90-1.63 and 0.77-1.63; P = 0.214 and 0.563, respectively).
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Our results remained unchanged on sensitivity analyses stratified by facility volume. Among patients treated at the top quartile of facilities by volume (67% of patients in our 
Discussion
Using the NCDB, we examined the impact of RT timing after surgery on outcomes among medulloblastoma patients who received RT as part of their initial management. Current clinical trials enrolling patients with newly diagnosed medulloblastoma stipulate that adjuvant RT must be initiated within 31 or 36 days after surgery (NCT00392327 and NCT01878617), in an effort to reduce time for tumor regrowth and to maximize the potential benefit of adjuvant therapy. However, potential benefits to a longer delay in starting postoperative irradiation include better wound healing, time to allow for pathology review and case discussion, potential reoxygenation of the tumor bed to increase radiosensitivity, and shrinkage of the surgical cavity, which allows a smaller boost volume. In this study, we found no detrimental survival impact of delaying radiation more than 5 weeks after surgery in this nationwide hospital-based cohort. Interestingly, we observed that initiation of RT within 3 weeks of surgery was associated with inferior OS.
Five retrospective reviews have reported on the impact of the time interval between surgery and radiation on medulloblastoma patient outcomes (Table 4 ). Similar to our study, none of the previous studies observed a detriment for delayed radiation after surgery. These reviews were small and single-institutional, and to our knowledge, no large study has previously examined the effect of timing of postoperative RT in medulloblastoma. These results, along with our data, argue for reconsideration of a strict requirement to start radiation therapy within a set time period after surgical resection, as is mandated on the current medulloblastoma protocols.
Similar to our findings, Abacioglu et al also previously observed inferior outcomes for patients who initiated RT within 3 weeks of surgery, reporting a 5-year disease-free survival of 0% compared with 85% for patients who started radiation 3-6 weeks after surgery. 17 In our study, patients who received radiation within 3 weeks of surgery tended to be younger, have more advanced disease at presentation (M1-3), and be more likely to undergo subtotal versus gross total resection than those who initiated RT later.
These observations suggest that there may be a selection bias, as more aggressive tumors may be treated with RT sooner. Even after adjusting for these factors in multivariable analysis, early RT was still associated with an elevated hazard of death. While factors such as poor surgical healing and hypoxia leading to radiation resistance or an immunosuppressive microenvironment could be playing a role in this finding, it is possible that other unmeasured confounders are contributing to this observation. For example, extent of resection was unknown for 63% of the patients in our cohort, and this information could potentially help to explain the inferior outcomes among the patients who received early RT.
Recent reports of radiation timing in the adjuvant treatment of other central nervous system malignancies have generally shown a similar lack of survival benefit, and in some cases, a detriment, with earlier initiation of postoperative radiation. Among 2855 patients with glioblastoma treated on 16 Radiation Therapy Oncology Group studies, patients who initiated RT 4-6 weeks after surgery experienced improved OS compared with patients who initiated RT within 4 weeks of surgery. 18 In a recent report of 161 patients with glioblastoma, there were no OS or progression-free survival (PFS) differences between patients who started RT within 28 days of surgery and those who started RT greater than 28 days after surgery. 19 For those who underwent biopsy or subtotal resection, initiation of RT within 28 days was associated with decreased OS. Others have also shown decreased OS and PFS with initiation of RT within 24 days of surgery. 20 The authors speculate that this may be related to hypoxia in the operative bed/ residual tumor causing decreased radiosensitivity, and potentially decreased patient performance status at the time of initiation of RT. 19 *Interval between surgery and radiation therapy used as the cutoff for statistical analysis. **All patients were ≥16 years old. Abbreviations: FFP, freedom from progression; PFC, posterior fossa control; DFS, disease-free survival; NS, no significant difference observed for any endpoint.
after treatment for pediatric ependymoma, with average grade of imaging changes higher among patients with posttreatment symptoms. 22 In addition, rat models have demonstrated increased damage to normal brain tissue with earlier initiation of RT postoperatively. 23 Despite this accumulating data, clinical judgment will remain critical to identify patients with high-risk features who may be at risk of neurologic deterioration with a prolonged delay to the initiation of RT. Consistent with previous studies, 5, 8, 9 we observed an increased hazard of death for patients with M1-3 disease and patients who received less than a total dose of 54 Gy on both univariate and multivariate analyses. In addition, desmoplastic histology was associated with a favorable prognosis, which has also been previously reported. 6 Although large cell histology was not a significant negative prognostic factor in our analysis, our findings were limited by the small proportion (3.9%) of patients with large cell tumors in our sample. Similarly, the extent of resection was reported in only 36.9% of the patients analyzed, and we did not observe a significant difference in survival based on this factor. Notably, a recent multi-institutional analysis found that the extent of resection was less prognostic when the molecular subgroup was taken into account. 24 Interestingly, we found that sequential RT followed by chemotherapy was associated with improved survival compared with concurrent CRT on multivariate analysis. Etiology of this finding is unclear but may lend further evidence for allowing sufficient time for postoperative healing. We observed no differences in survival based on sex, race, or year of diagnosis.
Limitations of our study include the retrospective nature of our analysis, which may be subject to selection bias and information bias. Our analysis depended on the accuracy of the data encoded in the NCDB, and our results could have been affected by misclassification or missing information. For example, the type and doses of chemotherapy as well as molecular subtype information are not included in the database, and additional patient information including performance status is not recorded. Furthermore, while we attempted to control for known prognostic factors, factors such as M stage and extent of resection were not available for every patient. Other potential confounding factors include case complexity and facility type (ie, academic vs community hospital), which is suppressed in the NCDB for pediatric patients. As such, we performed sensitivity analyses using facility volume as a surrogate for facility type, assuming that academic centers treat higher volumes of patients and more complex cases. Our results remained unchanged on these analyses.
Conclusions
Using the data from a large national hospital-based database, we observed no detrimental impact on survival with delay of radiation therapy within 90 days of surgery. Given the relatively small number of medulloblastoma cases diagnosed each year, it would be difficult to carry out a prospective randomized trial to determine the optimal timing of RT after surgery. Although certain high-risk clinical factors may warrant early initiation of RT, our analysis suggests that the timing of RT after surgery should focus on adequate postoperative healing and sufficient time for case review, evaluation for treatment at a childhood cancer center 16 with the potential for proton therapy if deemed appropriate, and complex treatment planning. Potential theoretical benefits include decreased hypoxia, increased radiosensitization, and a smaller boost cavity size, with no current evidence for poorer outcomes if initiation of RT is delayed.
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